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16  Abstract 


"^Details  of  a  research  study  on  shr  inkage-compensat  ing  concrete  for  airport 
pavements  are  presented.  A  total  of  S3  slab-type  prisms  1  foot  square  and  8, 

12,  lb,  or  20  inches  thick  were  subjected  to  shrinkage,  cooling,  and  heating. 
Concrete  compressive  stresses  Induced  by  expansion  were  calculated,  as  well  as 
residual  compressive  stresses  after  losses  due  to  shrinkage  and  cooling.  The 
residual  concrete  compressive  stresses,  coupled  with  results  from  previous  lield 
applications  of  shrinkage-compensating  concrete,  are  used  as  a  basis  lor 
recommendation  of  transverse  Joint  spaclngs  up  to  200  feet. 
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METRIC  CONVERSION  FACTORS 


INTRODUCTION 

ination  of  transverse  joint  spacing  in 
Portland  cement  concrete  airport  pavements  has  been  dictated  by  con¬ 
sideration  for  shrinkage,  temperature,  warping  and  curling  stresses,  and 
subgrade  friction.  The  present  Federal  Aviation  Administration  (FAA) 
practice  of  using  transverse  joint  spacing  of  25  feet  has  resulted  from 
a  combination  of  mathematical  design  calculations  and  observance  of 
field  performances  of  several  joint  spacings  through  the  years.  It  is 
well  known  that  concrete  is  weak  in  tension;  therefore,  either  the 
concrete  must  be  reinforced  to  hold  cracks  together  or  to  provide 
flexural  beam  strength,  or  the  "pieces"  of  concrete  must  be  limited  to 
size  or  length  to  preclude  formation  of  severe  cracks  due  to  shrinkage 
or  temperature  changes  (which  cause  curling  or  warping  stresses). 

The  purpose  of  using  expansive  concrete  in  airport  pavements  is  to 
induce  sufficient  compression  into  the  concrete  before  it  is  placed  in 
service  to  enable  it  to  undergo  the  expected  stresses  without  distress. 
This  research  was  undertaken  to  provide  quantitative  values  for  residual 
concrete  compressive  stresses  in  lightly  reinforced,  thick,  concrete 
slabs  using  shrinkage-compensating  expansive  concrete.  These  residual 
compressive  stresses,  in  turn,  are  used  to  determine  extended  transverse 
joint  spacings  for  slabs  made  with  expansive  concrete. 

Successful  utilization  of  any  of  the  expansive  cement  concretes 
depends  upon  the  amount  and  type  of  resistance  to  the  expansion  of  the 
concrete.  An  expansive  cement  concrete  in  which  no  resistance  is  pro¬ 
vided  to  the  expansion  shows  greatly  reduced  mechanical  properties.  In 
the  language  of  the  expansive  cement  industry,  the  resistance  to  expan¬ 
sion  is  called  "restraint."  Restraint  can  be  either  external,  as  in  the 
case  of  rigid  framework,  or  internal,  in  the  form  of  reinforcing  steel 
or  mesh.  Some  degree  of  restraint  can  also  be  provided  by  such  forces 
as  subgrade  friction  and  by  abutting  structures.  In  the  case  of  rein¬ 
forcing  steel  or  mesh,  the  developing  bond  strength  provides  the  neces¬ 
sary  restraint  to  expansion.  Expansion  of  the  concrete,  resisted  by  the 
steel,  places  the  steel  in  tension.  This,  in  turn,  places  the  concrete 
in  compression,  much  as  in  prestressed  concrete;  generally  speaking,  the 
more  the  restraint  (percent  of  reinforcement),  the  less  the  expansion 
and  the  more  the  induced  compression  in  the  concrete.  Most  field  instal¬ 
lations  of  shrinkage-compensating  concretes  have  utilized  successfully 
the  amount,  kind,  and  position  of  reinforcement  required  for  the  given 
structure . 

Since  little  or  no  research  had  been  done  on  expansive  concretes  in 
thick,  lightly  reinforced  slabs,  it  was  decided  to  limit  the  prismatic 
specimen  thickness  to  8,  12,  16,  and  20  inches  but  to  include  many  steel 
reinforcement  percentages.  Test  results  would  then  enable  development 
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of  a  usable  relationship  between  residual  compressive  stresses  and  steel 
percentage  for  pavement  slabs  up  to  20  inches  thick. 


BACKGROUND 

The  FAA  outlined  an  engineering  and  development  need  to  determine 
the  suitability  and  practicability  of  utilizing  expansive  cement  con¬ 
cretes  in  construction  of  civil  airport  pavements.  The  benefits  antici¬ 
pated  from  the  use  of  expansive  cement  concretes  include  reduced  number 
of  joints  and  increased  strength  and  durability.  The  Engineering  Require¬ 
ment  divided  the  program  into  two  parts:  Phase  1,  Evaluation  of  Past  and 
Current  Investigation,  to  include  plans  for  accomplishing  needed  research; 
and  Phase  2,  Laboratory  Experiments  and  Analyses.  The  stated  objectives 
include  material  specifications  for  expansive  cement  concretes  and  rela¬ 
tionships  between  joint  spacings  and  all  factors  influencing  the  spacing. 
The  Civil  Engineering  Laboratory  (CEL),  Port  Hueneme,  Calif.,  contracted 
to  accomplish  the  research.  Results  of  the  Phase  1  investigation  were 
presented  in  Reference  1.  Preliminary  results  and  recommendations  for 
future  research  on  Phase  3,  Shrinkage  Compensating  Cement  in  Fibrous 
Concrete,  are  presented  in  Appendix  A. 


EXPERIMENTAL  PROGRAM  -  PHASE  2 

The  experimental  program  utilized  to  furnish  research  data  to 
enable  accomplishment  of  the  objectives  is  summarized  in  Table  1  and 
outlined  below. 


Slab-type  Prismatic  Specimens 

To  provide  basic  research  data  which  incorporate  the  unique  thick¬ 
ness  and  mass  of  airport  pavements,  slab-type  prismatic  specimens  were 
utilized  as  follows. 

1.  12  by  12  inches  in  plan  2.  14  by  14  inches  in  plan 

a.  8  inches  thick  a.  16  inches  thick 

b.  12  inches  thick  b.  20  inches  thick 

c.  16  inches  thick 

d.  20  inches  thick 

To  simulate  a  full-size  concrete  slab  exposed  to  the  elements  only  at 
the  top,  all  surfaces  except  the  top  were  sealed  with  a  butyl  coating  to 
prevent  escape  of  moisture.  Figure  1  shows  some  of  the  prisms  in  one  of 
the  drying  environments. 


1.  Keeton,  John  R. ,  "Shrinkage-Compensating  Cement  for  Airport  Pavement," 
Federal  Aviation  Administration  Report  No.  FAA-RD-75-89 ,  June  1975. 
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Inst  ruiuent  at  ion  ami  Measurements 

Both  steel  and  concrete  strain  were  measured  with  electrical  resis¬ 
tance  strain  gages  as  soon  as  practicable  after  casting  ot  the  concrete. 
Steel  strains  were  measured  with  weldable  gages  and  concrete  strain  with 
embeddable  strain  gages.  Strain  gage  readings  were  recorded  initially 
on  an  automatic  electronic  data  logger  and,  subsequently,  on  a  portable 
strain  indicator.  Strain  test  data  are  reported  in  microstrain  (i.e., 
pin. /in.).  On  some  of  the  figures,  strain  is  also  shown  in  percent. 

Reinforcing  Steel  -  Smooth,  Welded  Wire  Fabric 

Smooth,  welded  wire  fabric  in  several  typical  sizes  and  grid  spacings 
were  used  as  reinforcing  steel  in  the  experimental  prisms,  as  outlined 
in  Table  1.  One  of  the  6  by  6-inch  welded  wire  fabric  pieces  instrumented 
with  a  weldable  strain  gage  is  shown  in  Figure  2.  In  accordance  with 
FAA  procedures  (Ref  2),  welded  wire  fabric  was  placed  in  each  prism  at  a 
depth  equal  to  one-fourth  of  the  thickness  plus  1  inch,  measured  from  the 
top.  For  example,  for  a  lb-inch-thick  prism,  the  steel  was  placed  at 
x  16)  ♦  1  (i.e.,  5  inches)  from  the  top.  Welded  wire  fabric  sizes 
used  in  the  study  were  the  only  ones  available  in  small  quantities. 

Embeddable  Strain  Gages 

Gages  for  measuring  concrete  strain  were  an  embeddable  type  consist¬ 
ing  of  a  single  wire  about  5  inches  long,  cast  in  plastic.  One  of  the 
gages  is  shown  in  Figure  3.  In  all  prisms,  embedded  strain  gages  were 
placed  at  one-fourth  and  three- fourt hs  of  the  thickness,  measured  from 
the  top.  For  example,  for  a  prism  16  inches  thick,  embeddable  gages  were 
placed  V  *  lb  -  or  A  -  inches  from  the  top  and  3/A  x  16  -  or  12  -  inches 
from  the  top.  Later  in  the  study,  some  prisms  also  had  embeddable  gages 
1  inch  from  the  top  and  at  mid-depth. 

Curing 

Following  final  set,  the  experimental  prisms  were  cured  under  wet 
bur  lap  for  2A  hours,  when  the  sides  were  sealed  with  a  butyl  rubber 
coating  and  a  piece  of  wet  burlap  placed  over  the  top  surface.  The  wet 
burlap  was  then  covered  with  aluminum  foil  for  a  total  curing  period  of 
28  days.  Typical  field-slab  curing  would  probably  be  with  a  curing  com¬ 
pound  which  would  erode  away  gradually  by  exposure  to  the  elements  and 
to  traffic.  To  enable  the  top  surface  of  the  concrete  prisms  to  be  free 
to  emit  moisture  (shrink),  it  was  decided  not  to  use  a  curing  compound 
in  this  study.  The  burlap,  saturated  with  water  when  placed  on  the  top 
of  the  prism,  gradually  dried  over  the  next  27  days,  simulating  the 
action  of  a  curing  compound.  At  28  days,  the  prisms  were  placed  in  a 
drying  environment.  Figure  A  shows  some  of  the  prisms  during  the 
curing  period. 


2.  Federal  Aviation  Administration,  Advisory  Circular  IS0/5320-6B,  Air 
port  Pavement  Design  and  Evaluation,  May  28,  l‘)7A,  pp.  73,  7A. 


3 


Figure  1.  Prismatic  slab-type  specimens  in  drying  environment 
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Prism  Size,  in. 

Aggregate 

Type* 

Welded  Wire  Fabric 

Steel 

Percentage* 

Number  of  Prisms  in 

Plan 

Thickness 

Section,  in. 

Wire  Size'’ 

l-'ach  Storage  Humidity** 

12  x  12 

8 

L 

6x6 

No.  3  x  No.  3 

0.098L.T 

1  -  50,  1  -  75 

12  x  12 

8 

R 

6x6 

No.  3  x  No.  3 

0.0981.,' T 

1  -  50,  1  -75 

12  x  12 

12 

L 

None 

None 

0.0 

1  -  50 

12  x  12 

12 

L 

6x6 

No.  3  x  No.  3 

0.065  L.T 

1  -50 

No.  2  x  No.  2 

0.07  5  L.T 

1  -50.  1  -75 

1/0  x  1/0 

0.103L.T 

1  -  50 

2/0  x  2/0 

0.U9L.T 

1  -  50 

3/0  x  3/0 

0. 1431., T 

2-50 

4/0  x  4/0 

0.169L.T 

1  -  50 

12  x  12 

12 

K 

6x6 

No.  2  x  No.  2 

0.075  L.T 

1  -  50,  l  -  75 

1/0  x  1/0 

0.1031., T 

1  -  50.  1  -  75 

3/0  x  3/0 

0.1 43  L.T 

1  -  50 

12  x  12 

16 

L 

None 

None 

0.0 

1  -  50 

12  x  12 

16 

L 

6x6 

No.  2  x  No.  2 

0.056L.T 

1  -  50 

1/0  x  1/0 

0.077L.T 

1  -  50 

3/0  x  3/0 

0.1 07  L.T 

2  -  50,  1  -  75 

5/0  x  5/0 

0.152L.T 

2-50,2  -75 

12  x  12 

16 

R 

6x6 

1/0  x  1/0 

0.077L.T 

1  -  50.  1  -  75 

5/0  x  5/0 

0.152  L.T 

1  -  50 

12  x  12 

20 

L 

None 

None 

0.0 

1  -  50 

12  x  12 

20 

L 

6x6 

2/0  x  2/0 

0.072  L.T 

1  -  50 

4/0  x  4/0 

0.102L.T 

2  -  50,  1  -  75 

6/0  x  6/0 

0.139L.T 

2-50 

12  x  12 

20 

K 

6x6 

4/0  x  4/0 

0.102L.T 

1  -  50,  1  -  75 

14  x  14 

16 

L 

None 

None 

0.0 

1  -50 

14  x  14 

16 

L 

6  x  12 

No.  2  x  No.  1 

0.072 L,  0.056T 

1  -50 

14  x  14 

16 

L 

12  x  12 

3/0  x  3/0 

0.0921..T 

1  -50,  1  -75 

14  x  14 

16 

L 

6x12 

l/0x  2/0 

0.099 L,  0.077T 

1  -  50 

1/0  x  4/0 

0.099  L,  0.109T 

1  -  50.  1  -  75 

3/0  x  4/0 

0.138L,  0.109T 

2-50 

14  x  14 

16 

L 

12  x  12 

7/0  x  7/0 

0.169L.T 

1  -  50 

14  x  14 

16 

R 

12  x  12 

3/0  x  3/0 

0.092L.T 

1  -  50 

14  x  14 

16 

R 

6  x  12 

1/0  x  4/0 

0.099L,  0.109T 

1  -  50 

14  x  14 

20 

R 

6  x  12 

2/0  x  4/0 

0.098L,  0.087T 

1  -50 

**L  =  Bridgeport  crushed  limestone  coarse  aggregate  and  Trinity  River  sand  from  Texas. 

R  =  river  gravel  and  sand  from  Southern  California. 

**  Welded  wire  sires  shown  are  steel  wire  gauge  designations. 

‘Steel  percentage  *  steel  wire  cross-sectional  area  divided  by  the  total  cross-sectional  area  of  the  concrete 

multiplied  by  100. 

‘^Storage  humidities  were  50%  and  75%  HI  I,  both  at  73°1;. 


Figure  3.  Typical  embeddable  strain  gage 


Figure  A.  Prismatic  slab-type  specimens  being  cured 
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Shrinkage  Environments 


Following  the  28-day  curing  period  during  which  concrete  expansion 
and  concrete  precompression  due  to  steel  restraint  were  obtained,  the 
prisms  were  exposed  to  drying  shrinkage  and  loss  of  precompression  in 
either  50%  relative  humidity  (KH)  or  75%  KH,  both  at  73°F,  for  a  total 
period  of  365  days. 


Strength  Properties 

Cylinders  and  beams  were  made  with  expansive  concretes  used  in  the 
test  program  to  establish  compressive  and  flexural  strengths  as  well  as 
Young's  moduli. 

Concrete  Mix  Design 

The  concrete  mix  design  used  in  this  study  was  FAA  Class  A  Paving 
Concrete  (Ref  3),  which  utilizes  5.8  bags  of  cement  per  cubic  yard  (545  lb) 
and  5%  to  7%  air  entrainment. 


Aggregates 

Two  high  quality  aggregates  were  used  in  this  study:  (1)  Bridgeport 
crushed  limestone  coarse  aggregate  and  Trinity  River  sand  from  Texas  used 
in  construction  of  Dallas-Fort  Worth  Airport,  and  (2)  river  gravel  and 
sand  from  Southern  California.  All  aggregates  conformed  to  gradations 
specified  by  FAA  (Ref  3).  Maximum  size  of  coarse  aggregate  was  1-1/2 
inches . 


Cements 

The  shrinkage-compensating  cements  used  in  this  study  were  ChemComp® 
(ACI  Designated  Type  K) ,  made  by  two  of  the  five  companies  licensed  to 
produce  the  cement.  Mortar  bar  expansions  (Ref  4)  after  7  days  averaged 
420  microstrain  (0.042%)  and  590  microstrain  (0.059%)  for  these  two 
cements.  A  new  standard  for  expansion  of  shrinkage-compensating  concrete 
has  recently  been  adopted  by  ASTM  (Ref  5). 

Concrete  Strengths 

Flexural  strengths  of  shrinkage-compensating  concretes  used  in  this 
study  averaged  750  psi  and  800  psi  for  28-  and  90-day  ages,  respectively; 


3.  Federal  Aviation  Administration  Advisory  Circular  150/5370-10,  Stan¬ 
dards  for  Specifying  Construction  of  Airports,  October  24,  1974,  p.  332. 

4.  American  Society  for  Testing  and  Materials.  Standard  Test  Method  for 
Restrained  Expansion  of  Expansive  Cement  Mortar,  ASTM  C806-75. 

5.  _ .  Standard  Test  Method  for  Restrained  Expansion  of  Shrinkage- 

Compensating  Concrete,  ASTM  C878-78,  Vol.  14,  1978,  pp.  547-550. 
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correspogding  Young's  moduli  and  compressive  strength  were  4.0  x  10  and 
4.2  x  10  psi  and  5,180  and  6,030  psi,  respectively. 

Temperature  Effects 

In  addition  to  being  instrumented  with  strain  gages,  one  of  the  14 
by  14-inch  prisms  16  inches  thick  contained  thermocouples  placed  at  the 
following  depths,  measured  from  the  top:  5,  8,  and  12  inches.  After  1 
year  of  shrinkage  in  50%  RH,  this  prism  was  subjected  to  heating  tests 
and  to  cooling  tests  to  determine  these  thermal  effects  upon  residual 
concrete  compressive  strains. 


TEST  RESULTS 
Concrete  Expansion 

As  indicated  above,  two  different  Type  K  cements  were  used  in  this 
study.  One  of  the  two  cements  provided  an  average  of  38%  more  expansion 
during  the  curing  period  than  did  the  other.  Since,  ordinarily,  higher 
expansion  means  higher  induced  compressive  stresses,  the  results  pre¬ 
sented  below  are  those  with  the  cement  having  the  higher  expansion  only. 
Differences  in  shrinkage  strains  of  the  two  concretes  were  found  to  be 
insignificant . 

As  indicated  in  Table  1,  53  prisms  of  four  different  thicknesses 
and  with  several  different  levels  of  reinforcement  were  involved  in  the 
program.  At  the  outset,  it  was  decided  to  have  many  different  steel 
percentages  rather  than  to  have  multiple  prisms  at  just  a  few  steel 
percentages.  In  only  a  few  cases  were  two  prisms  constructed  with  the 
same  parameters.  Four  prisms  were  made  with  no  steel  reinforcing  in 
order  to  establish  the  unrestrained  expansions  for  the  four  different 
prism  thicknesses. 

Close  examination  of  all  expansion  data  revealed  that  the  depth  of 
the  steel  from  the  top  did  not  significantly  affect  the  magnitude  of  the 
concrete  expansion  strains  at  any  given  depth  from  the  top.  In  other 
words,  for  a  given  steel  percentage,  whether  the  steel  was  at  4  inches 
from  the  top  (as  in  a  prism  12  inches  thick)  or  6  inches  from  the  top 
(as  in  a  prism  20  inches  thick),  the  concrete  expansion  strains  at  the 
measured  depths  had  the  same  order  of  magnitude.  For  this  reason,  con¬ 
crete  expansion  strains  at  several  depths  from  the  top,  shown  in  Figure 
5,  apply  irrespective  of  the  prism  thickness  (or  depth  of  steel). 
Least-squares  lines  were  calculated  for  each  depth  from  the  top  surface. 
Least-squares  expansion  strains  from  Figure  5  were  used  to  establish  the 
strain-depth  relationships  shown  in  Figure  6.  Curves  similar  to  those 
in  Figure  6  were  constructed  for  all  of  the  steel  percentages  at  0.01% 
intervals  between  0.05%  and  0.17%  as  well  as  for  0%.  As  indicated  in 
Figure  5(d),  expansion  strains  for  the  top  surface  of  the  prisms  were 
obtained  by  extrapolation.  The  influence  of  the  concrete  mass  is  evi¬ 
denced  by  the  decrease  in  expansion  strains  from  the  free  top  surface 
toward  the  bottom.  Another  contributing  factor  to  higher  expansion 
strains  in  the  top  portion  is  that  the  wet  burlap  applied  to  the  top 
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Figure  5.  Concrete  expansion  strains  after  28  days  of  curing. 


Expansion  (microstrain) 

Figure  6.  Expansion  strain  after  28-day  curing  as  a  function  of 
depth  from  top  surface  fur  selected  steel  percentages. 

surface  provided  better  curing  conditions,  thus  more  expansion.  Con¬ 
crete  expansion  strains  for  all  pertinent  steel  percentages  and  depths 
from  the  top  surface  are  shown  in  Table  2. 

In  reinforced  expansive  concrete,  compressive  stresses  induced  by 
concrete  expansion  are  calculated  as  follows  (Ref  6): 

A 

Average  stress  in  concrete  (f  )  =  £  X~T~  x  E  =  £  x  P  x  E 

C  C  s  c  s 

c 

where  =  expansion  strain  in  the  concrete 

E  =  Young' s .modulus  of  the  steel  (taken  in  this  report  as 
S  29  x  10b  psi) 


6.  American  Concrete  Institute.  Recommended  Practice  for  the  Use  of 
Shrinkage-Compensating  Concrete,  ACI  Standard  223-77,  1977. 


A  =  cross-sectional  area  ot  steel 
s 

A  =  cross-sectional  area  ot  concrete 
c 

A  /A  =  p  =  steel  ratio 
sc  r 

For  simplicity,  it  will  be  assumed  that  the  concrete  stresses  calculated 
with  the  above  equation  are  correct  only  at  the  location  or  depth  of  the 
steel.  Since  the  welded  wire  fabric  in  this  study  was  at  different 
depths  in  prisms  of  different  thicknesses,  and  since  concrete  strains 
were  not  measured  at  the  depth  of  the  steel,  it  was  necessary  to  determine 
the  concrete  expansion  strain  at  the  appropriate  depths  of  steel;  i.e., 
at  4,  5,  and  6  inches  from  the  top  surface.  These  expansion  strains  are 
shown  in  Table  2. 

Since  it  is  the  resistance  of  the  steel  to  the  expansion  of  the 
concrete  which  induces  the  concrete  compression,  the  value  of  induced 
concrete  compression  must  be  highest  at  the  steel  depth  and  must  diminish 
above  and  below  that  depth.  On  the  other  hand,  for  a  given  steel  per¬ 
centage,  the  stated  equation  indicates  that  as  the  concrete  strain 
increases,  so  does  the  concrete  stress.  Table  2  shows  that  for  any 
steel  percentage,  the  expansion  strains  increase  in  magnitude  above  the 
steel  depths  of  either  4,  5,  or  b  inches.  Indiscriminate  use  of  the 
equation  with  these  higher  strains  would  result  in  higher  compressive 
stresses  at  the  top  than  at  the  steel  depth,  which  has  already  been 
shown  to  be  incorrect. 

The  solution  to  this  dilemma  involves  application  of  the  fundamentals 
of  expansive  concretes.  If  an  expansive  concrete  is  unrestrained  (con¬ 
tains  no  steel)  and  is  thus  free  to  expand  with  no  restraint,  no  concrete 
compression  is  induced.  In  an  expansive  concrete  containing  steel,  the 
induced  concrete  compressive  stress  is  also  a  function  of  how  much  of 
the  "free"  or  unrestrained  expansion  the  steel  prevented  from  occurring. 
The  expansion  strains  which  the  steel  prevented  from  occurring  can  be 
calculated  from  Table  2  by  subtracting  the  expansion  strains  for  a  given 
steel  percentage  from  the  unrestrained  expansion  strains  in  the  steel 
percentage  column  headed  0.00.  Table  3  is  a  compilation  of  these  strains. 
For  example,  referring  to  a  steel  percentage  of  0.10%  at  the  top  surface 
in  Table  2,  the  expansion  prevented  by  the  steel  is  1,190  minus  995  (or 
195  microstrain),  as  shown  at  the  top  of  the  0.10  column  in  Table  3. 

When  the  strains  in  Table  3  are  divided  by  the  unrestrained  expansion 
strains  found  in  the  0.00  steel  percentage  column  of  Table  2,  the 
resulting  ratio  is  a  measure  of  the  relative  effectiveness  of  the  steel 
to  induce  compression  in  the  concrete  at  a  given  depth  from  the  top. 

These  ratios  are  presented  in  Table  4.  For  example,  for  steel  percentage 
of  0.15%  and  a  depth  from  the  top  of  4  inches,  prevented  expansion 
strain  (Table  3)  is  340  microstrain,  and  unrestrained  expansion  strain 
for  a  depth  of  4  inches  (Table  2)  is  1,015  microstrain;  the  ratio,  then, 
is  340  *r  1,015  =  0.33,  as  shown  in  Table  4. 

Concrete  compressive  stresses  resulting  from  expansion  (induced) 
are  shown  in  Table  5  for  prisms  12,  16,  and  20  inches  thick.  Referring 
to  Table  5(a)  for  a  prism  12  inches  thick,  the  steel  is  at  a  depth  of  4 
inches  from  the  top.  As  stated  above,  the  concrete  stresses  at  the 
depth  of  the  steel  are  computed  by  using  the  equation  f ^  x  p  x  Rg. 
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For  example,  with  a  steel  percentage  ol  0.15  and  a  depth  ot  steel  of 
4  inches,  expansion  strain  from  Table  2  is  675  microstrain;  then 
f  =  (675  x  10b)  x  (0.0015)  x  (29  x  I0b)  =  29  psi.  By  the  reasoning 
presented,  concrete  stresses  above  and  below  the  steel  depth  should  he 
lower  than  those  at  the  steel  depth.  These  stresses  are  calculated  for 
one  steel  percentage  at  a  time  by  dividing  the  ratio  of  prevented  to 
unrestrained  expansion  strain  (Table  4)  for  depths  from  the  top  other 
than  the  steel  depth  by  the  ratio  of  prevented  to  unrestrained  expansion 
strain  at  the  steel  depth  and  multiplying  by  the  concrete  stress  at  the 
steel  depth  (Table  5).  For  example,  for  a  steel  percentage  of  0.15%  at 
a  depth  of  1  inch  from  the  top,  the  ratio  ot  prevented  to  unrestrained 
expansion  (Table  4)  =  0.31;  the  corresponding  ratio  at  a  depth  of  steel 
of  4  inches  is  equal  to  0.33;  according  to  Table  5(a),  the  concrete 
stress  at  steel  depth  of  4  inches  is  equal  to  29  psi;  then  0.31  t  0.33  x 
29  =  27  psi  compressive  stress  as  indicated  in  0.15  column,  1  inch  from 
top,  of  Table  5(a). 

Examination  of  Table  5  reveals  that  the  stresses  above  and  below 
the  steel  depth  are  not  always  lower  than  the  stress  at  the  steel  depth, 
but  the  analysis  and  reasoning  behind  the  computations  are  believed  to 
be  sufficiently  accurate  since  the  quantitative  variations  are  slight. 
Determination  of  realistic  transverse  joint  spacing  is  dependent  upon 
the  residual  concrete  expansive  stresses  after  all  expected  losses  have 
occurred . 

Steel  Expansion 

Measured  steel  expansion  strains,  due  to  the  unique  rectangular 
rigid  shape  caused  by  welding,  were  rather  erratic  and  varied  over 
rather  wide  ranges.  Results  are  presented  in  Appendix  B. 

Concrete  Shrinkage 

Following  the  28-day  curing  period,  the  foil  and  burlap  were  removed 
from  the  top  of  each  prism  and  the  prism  was  transferred  to  a  drying 
environment,  either  50%  or  75%  RH.  As  indicated  in  Table  1,  most  of  the 
prisms  were  placed  in  50%  RH  because  it  would  cause  higher  shrinkage 
strains  than  the  75%  RH  and  thus  would  be  more  severe  in  terms  of  reduc¬ 
tion  of  expansion  stresses.  Typical  shrinkage  data  for  a  steel  percentage 
of  0.056%  are  shown  in  Figure  7  at  selected  depths  from  the  top  surface. 

As  with  the  expansion  strains,  the  shrinkage  strain  data  versus  depth 
from  the  top  surface  were  not  significantly  affected  by  the  depth  of  the 
steel;  i.e.,  by  the  prism  thickness.  Table  6  is  a  compilation  of  the 
shrinkage  strains  for  prisms  with  steel  percentages  of  0.05b%,  0.107%, 
and  0.169%;  the  quantitative  strain  differences  among  the  three  steel 
percentages  are  very  slight.  Since  the  shrinkage  strains  in  the  prisms 
with  steel  percentage  of  0.056%  are  slightly  higher  than  the  others  near 
the  top  surface,  these  values  are  used  in  subsequent  calculations. 

Figure  8  shows  shrinkage  strains  versus  depth  from  the  top  surface.  As 
with  the  expansion  strains,  these  curves,  together  with  curves  such  as 
those  shown  in  Figure  7,  permit  the  shrinkage  strains  at  the  top  surface 
to  be  determined  by  extrapolation. 


12 


TABLE  3  -CONCRETE  EXPANSION  STRAINS  PREVENTED  BY  THE  STEEL 
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steel  =  1.015  minus  675  =  540  microstrun. 


TABLE  4. -RATIO  OF  PREVENTED  EXPANSION  TO  UNRESTRAINED  EXPANSION 
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Obtained  by  dividing  the  prevented  expansion  strain  in  Table  3  by  the  corresponding  unrestrained  expansion  strain  (p  *  0.0\>  in  Tabic  2 
example  for  p  =  0. 15%  and  depth  from  top  of  4  inches,  prevented  expansion  strain  -  340  microstrain  (Table  3).  unrestrained  expansion 
strain  =  1,015  microstrain  (Table  2>,  then  ratio  =  340  divided  by  1,015  *  0  33. 
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Figure  8.  Shrinkage  strains  versus  depth  in  S0»  Kll  for  prisms 
with  steel  percentage  of  O.Q56‘  . 


Residual  expansion  strains  after  shrinkage  for  .165  days  in  50%  RH 
are  presented  in  Table  7.  Residual  compressive  stresses  are  shown  in 
Table  8  for  prism  thicknesses  of  12,  16,  and  20  inches.  Computation  of 
the  stresses  at  the  steel  depth  is  by  the  equation  f  =  r.  x  p  x  F.  ,  as 
before;  the  residual  strains  shown  in  Table  7  at  steel  depths  of  4*  5, 
and  6  inches  are  used  to  calculate  the  corresponding  stresses  at  the 
steel  depth  for  Table  8(a),  Ibl,  and  (c).  Stresses  at  depths  other  than 
steel  depth  are  obtained  by  multiplying  the  residual  stress  at  the  steel 
depth  by  the  ratio  of  the  residual  strain  after  shrinkage  to  the  expan¬ 
sion  strain  at  corresponding  depths  and  steel  percentages.  For  example, 
for  a  prism  12  inches  thick  with  steel  at  4  inches  from  the  top,  the 
residual  strain  for  a  steel  percentage  of  0.15%  and  l  inch  from  the  top 
is  637  microstrain  (Table  7);  the  corresponding  concrete  expansive  strain 
is  795  microstrain  (Table  2);  corresponding  concrete  expansive  stress 
from  Table  5(a)  is  27  psi;  then  residual  compressive  stress  at  1  inch 
from  the  top  surface  with  steel  percentage  of  0.15%  is  b37  t  795  x  27  = 

22  psi,  as  shown  in  Table  8(a).  Comparisons  of  stresses  in  Table  5  and 
Table  8  indicate  that  shrinkage  after  365  days  in  50%  RH  causes  a  max¬ 
imum  concrete  compressive  stress  loss  of  only  7  psi  at  the  top  surface 
with  a  steel  percentage  of  0.17%;  most  other  losses  are  less  than  7  psi. 

Typical  shrinkage  data  obtained  in  75%  RH  are  shown  in  Figure  9  for 
three  different  depths  from  the  top.  Since  shrinkage  strains  in  75%  RH 
are  not  as  high  as  in  50%  RH  and,  therefore,  would  not  reduce  the  induced 
compressive  stresses  as  much,  no  attempt  was  made  to  calculate  residual 
concrete  stresses  in  75%  RH.  On  the  average,  shrinkage  strains  in  75%  RH 
were  about  37%  less  than  those  in  50%  RH  (S^  =  0.b3  S^^). 
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TABLE  8.  •  RESIDUAL  CONCRETE  COMPRESSIVE  STRESSES  AFTER  SHRINKAGE  FOR  365  DAYS  IN  50%  RH 
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(Tabic  2).  and  concrete  expansion  stress  =  27  psi  fTable  5a).  then  6  57  divided 
by  795  x  27  *  21.6  or  22  psL 
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Comprehensive  concrete  shrinkage  studies  have  been  conducted  at  CEL 
(Ref  7-10)  which  involved  large,  medium,  and  small  specimens  of  various 
shapes,  reinforced  as  well  as  nonreinforced ,  exposed  in  drying  environ¬ 
ments  from  20%  RH  to  100%  RH.  These  studies  revealed  that  shrinkage  is 
a  function  of  the  ratio  of  the  exposed  surface  area  to  the  volume.  From 
these  previous  studies,  with  prismatic  specimens  of  the  type  used  in  this 


7.  Naval  Civil  Engineering  Laboratory.  Technical  Report  R-333-I,  Study 
of  Creep  in  Concrete,  Phase  1,  by  John  R.  Keeton,  Port  Hueneme,  CA, 

15  Jan  1965. 

8.  _ .  Technical  Report  R-333-III,  Study  of  Creep  in  Concrete, 

Phases  3,  4,  and  5,  by  John  R.  Keeton,  Port  Hueneme,  CA,  May  1965. 

9.  _ .  Technical  Report  R-704,  Creep  and  Shrinkage  of  Reinforced 

Thin-Shell  Concrete,  by  John  R.  Keeton,  Port  Hueneme,  CA,  Nov  1970. 

10.  _ .  Technical  Note  N-1504,  Expansive  Cement  Concretes  for  Naval 

Construction,  by  John  R.  Keeton,  Port  Hueneme,  CA,  Nov  1977. 
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study,  shrinkage  strains  in  20%  RH  averaged  about  30%  more  than  those  in 
50%  RH  IS.>0  =  1.3  S,.).  Applying  this  ratio  to  the  365-day  shrinkage 

strains  for  p  =  0.056%  in  Table  6  results  in  the  last  column  of  Table  9. 

The  rest  of  the  strains  in  Table  9  were  calculated  by  subtracting  the 
strains  in  the  last  column  of  the  table  from  the  corresponding  expansion 

strains  in  Table  2.  For  example,  for  a  steel  percentage  of  0.15%  at 

2  inches  from  the  top,  expansion  strain  from  Table  2  is  7 A5  microstrain 
and  shrinkage  in  20%  RH  is  182  microstrain  (last  column  of  Table  9); 
then  residual  expansion  strain  after  shrinkage  for  365  days  in  20%  RH 
is  745  minus  182,  which  is  563  microstrain. 

Residual  concrete  compressive  stresses  after  365  days  of  shrinkage 
in  20%  RH  are  shown  in  Table  10  for  prisms  12,  16,  and  20  inches  thick. 
Stresses  in  Table  10  were  calculated  in  the  same  manner  as  those  in 
Table  8,  using  the  20%  RH  shrinkage  strain  in  Table  9  rather  than  the 
50%  RH  shrinkage  strain  in  Table  6.  Examination  of  Table  10  reveals 
that  after  1  year  of  shrinkage  in  20%  RH,  the  concrete  still  retains 
most  of  its  precompression. 

Combining  the  shrinkage  data  obtained  in  this  study  with  those  of 
previous  studies  enables  construction  of  Figure  10,  shrinkage  strains  for 
humidities  from  20%  through  100%  RH.  Since  the  curves  meet  at  zero  for 
100%  RH,  they  should  be  recognized  as  conservative  in  the  humidity  range 
from  75%  to  100%  RH,  because  the  swellage  (absorption)  from  96%  through 
100%  RH  actually  lowers  the  curves  slightly  in  that  area.  A  compilation 
of  shrinkage  versus  humidity  is  shown  in  Table  11. 

Thermal  Studies  -  Cooling 

One  of  the  prisms  14  inches  square  and  16  inches  thick  with  steel 
percentage  of  0.092  was  instrumented  with  thermocouples  in  addition  to 
embedded  strain  gages.  Thermocouples  were  placed  at  5,  f8,  and  12  inches 
from  the  top;  embedded  strain  gages  were  located  4,  8,  and  12  inches 
from  the  top;  steel  was  5  inches  from  the  top.  To  simulate  to  some 
degree  the  effect  of  a  large  mass  of  adjoining  concrete,  3  inches  of 
polyurethane  foam  board  stock  was  placed  on  all  four  sides  of  the  prism, 
leaving  the  top  exposed  to  subsequent  cooling  and  heating  tests.  This 
prism  had  been  in  50%  RH  for  over  1  year  prior  to  thermal  testing. 

Results  of  the  cooling  tests  are  presented  in  Figure  11.  The  prism, 
stabilized  at  ambient  indoor  temperatures  for  several  days,  was  placed 
in  the  CEL  cold  chamber  before  the  chamber  was  turned  on;  cooling  to  the 
set  temperature  of  10°F  required  about  6  hours.  The  first  data  points 
shown  in  Figure  11  are  6-hour  readings. 

At  the  beginning  of  cooling,  cumulative  temperature  differences  at 
5  inches  from  the  top,  as  expected,  were  slightly  higher  than  the  others, 
but  after  72  hours  the  differences  at  all  three  depths  were  about  the 
same.  Cumulative  concrete  strain  differences  at  4  inches  from  the  top 
were  higher  than  the  others  from  the  beginning  of  cooling  through  about 
18  hours  of  cooling,  but  from  then  on  showed  lower  differences  than  the 
others.  After  about  30  hours  of  cooling,  the  strain  differences  at 
8  inches  from  the  top  were  consistently  higher  than  the  others.  After 
about  72  hours  of  cooling  and  continuing  through  the  cooling  period,  the 
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cumulative  strain  differences  at  each  of  the  three  depths  showed  only 
minor  variations;  the  maximum  strain  difference  was  345  microstrain  at 
the  8-inch  depth.  The  author  believes  that  the  inherent  variations  of 
the  coefficient  of  thermal  expansion  within  the  prism  account  for  the 
variations  in  strain  differences  at  4,  8,  and  12  inches  frgm  the  top; 
calculated  average  coefficients  of  thermal  expansion  in  10  strain  per 
°F  for  the  three  depths  are  5.4,  5.7,  and  5.5,  respectively,  through  the 
cooling  portion  of  the  test. 

Steel  strain  differences,  shown  in  Figure  11  as  squares,  started 
into  the  contraction  or  negative  strain  direction  as  expected,  but  after 
the  6-hour  reading  they  made  a  reversal  into  the  expansion  or  positive 
strain  zone  and  remained  there  until  the  end  of  the  test.  The  configu¬ 
ration  of  the  welded  wire  fabric  most  likely  is  responsible  for  this 
anomaly.  The  stress  (and  strain)  distribution  in  the  bars,  formed  into 
a  12  by  12-inch  square  by  welds  at  four  points,  is  much  different  than 
it  would  be  in  a  straight  bar  under  the  same  conditions.  For  many  years 
the  coefficients  of  thermal  expansion  of  steel  and  concrete  have  been 
considered  to  be  about  the  same,  so  in  the  case  of  a  plain  straight 
steel  bar  in  concrete,  one  would  expect  to  see  both  steel  and  concrete 
contract  about  the  same  when  cooled.  With  the  welded  wire  fabric  used 
in  this  study,  length  change  of  each  bar  segment  would  be  resisted  by 
the  welded  restraint  provided  by  the  bar  at  90  degrees  from  it,  resulting 
in  stress  distribution  quite  different  from  a  straight  bar. 

Thermal  Studies  -  Heating 

The  same  prism  used  in  the  cooling  tests  was  also  used  in  the  heat¬ 
ing  tests,  in  which  heat  was  applied  with  infrared  lamps  using  an  on-off 
cycle  to  simulate  daily  exposure  to  a  hot  summer  sun.  Average  strain 
and  temperature  differences  for  the  heating  tests  are  shown  in  Figure 
12.  To  simulate  the  increasing  heat  of  the  sun,  the  tests  started  with 
two  heat  lamps  for  the  first  hour,  three  lamps  for  the  next  2  hours 
(hottest  part  of  the  day),  and  finally  two  lamps  for  2  hours  to  finish 
the  heating  cycle. 

In  Figure  12,  as  expected,  the  temperature  differences  closest  to 
the  top  showed  the  most  dramatic  increases  through  the  heating  period, 
reaching  a  maximum  of  43°F  about  30  minutes  into  the  cooling-off  period, 
which  indicates  the  slow  rate  of  heat  transfer  downward  through  the  con¬ 
crete.  Temperature  differences  at  8  inches  and  12  inches  from  the  top 
were  relatively  low  during  the  heating  period  but  continued  to  increase 
for  several  hours  after  the  heating  was  terminated,  also  manifesting  the 
slow  transfer  of  heat  downward  through  the  concrete.  Generally  speaking, 
the  cumulative  temperature  differences  were  about  equal  at  the  end  of 
the  cooling-off  period. 

Concrete  strain  differences  were  higher  toward  the  top  during  the 
heating  period  and  also  exhibited  the  most  rapid  decrease  in  the  cooling- 
off  period.  Although  the  concrete  strain  is  in  the  same  direction  as 
the  expansion  strain  (i.e.,  in  the  positive  direction),  this  expansion 
has  not  been  effectively  resisted  by  the  steel,  since  the  coefficient  of 
thermal  expansion  for  steel  and  concrete  are  very  nearly  equal.  For 
this  reason,  no  advantage  can  be  claimed  in  terms  of  residual  strain  (or 
stress)  when  the  concrete  is  heated,  such  as  in  this  test. 


23 


TABLE  9.  -  RESIDUAL  EXPANSION  STRAINS  ALTER  SHRINKAGE  LOR  365  DAYS  IN  20%  RH 
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TABLE  10.  -  RESIDUAL  CONCRETE  COMPRESSIVE  STRESSES  AFTER  SHRINKAGE  IN  20%  RH 
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TABLE  11.  -  ONE-YEAR  SHRINKAGE  AS  A  FUNCTION  OF  HUMIDITY 


Depth 
From  Top, 

in. 

Shrinkage  (microstrain)  with  Relative  Humidity  (%)  of 

- 

10" 

20 

30 

40 

50 

60 

70 

75 

80J 

90J 

0 

251 

238 

222 

203 

183 

159 

131 

115 

99 

58 

1 

216 

205 

192 

176 

158 

137 

113 

100 

86 

51 

2 

191 

182 

171 

157 

140 

121 

100 

88 

75 

45 

3 

170 

162 

151 

139 

125 

108 

89 

79 

67 

40 

4 

154 

147 

137 

126 

113 

97 

80 

71 

60 

35 

5 

141 

133 

124 

113 

102 

88 

73 

64 

55 

31 

6 

127 

120 

112 

103 

92 

80 

66 

58 

49 

28 

7 

114 

108 

101 

93 

83 

72 

59 

52 

44 

25 

8 

104 

98 

92 

84 

75 

65 

54 

47 

40 

22 

9 

93 

88 

83 

76 

68 

59 

49 

43 

36 

20 

10 

83 

79 

74 

68 

61 

53 

43 

38 

32 

17 

11 

74 

70 

65 

60 

54 

47 

39 

34 

29 

16 

12 

65 

61 

57 

52 

47 

41 

34 

30 

25 

14 

13 

56 

53 

50 

45 

41 

36 

29 

26 

22 

12 

14 

47 

44 

41 

38 

34 

30 

25 

22 

18 

10 

IS 

39 

36 

34 

31 

28 

25 

21 

19 

16 

8 

"Shrinkage  strains  obtained  by  extrapolation. 


Table  12  shows  the  stress  differences  resulting  from  the  maximum 
strain  changes  at  each  of  the  depths  during  the  heatihg  tests.  Stresses 
were  calculated  by  dividing  the  strain  change  in  Table  12,  for  a  given 
depth,  by  the  original  expansion  strain  in  Table  2  and  multiplying  by 
the  concrete  stress  in  Table  5.  None  of  the  stresses  in  Table  12  is 
significant. 

Steel  strain  differences  in  Figure  12  showed  an  expected  increase 
in  the  positive  (expansion)  direction  for  2  hours  into  the  heating  period 
but  thereafter  exhibited  a  dramatic  reversal  into  the  negative  or  con¬ 
traction  zone  and  remained  there  throughout  the  remainder  of  the  test. 

Table  13  shows  how  much  of  the  original  concrete  compressive  expan¬ 
sion  stresses  would  remain  if  a  shrinkage-compensating  airport  pavement 
l  were  subjected  to  the  following  conditions:  (1)  shrinkage  at  20%  RH  for 

1  year,  and  (2)  sustained  cold  conditions  as  used  in  the  cooling  test, 
with  a  maximum  strain  contraction  of  345  microstrain  for  the  whole  mass 
,  of  the  concrete.  Stresses  at  the  steel  depth  in  Table  13  were  obtained 

by  subtracting  the  cooling  contraction  strain  of  345  microstrain  from 
the  residual  strain  in  Table  9  and  then  using  the  equation  f  =  e  x  p  x  E  . 
Stresses  at  other  depths  were  obtained  by  subtracting  the  cooling  contrac¬ 
tion  strain  of  345  microstrain  from  the  residual  strains  in  Table  9, 
dividing  this  difference  by  the  corresponding  original  expansion  strain  in 
Table  2,  and  multiplying  this  ratio  by  the  corresponding  original  expansion 
stress  in  Table  5.  Results  in  Table  13  show  that  a  slight  concrete  com¬ 
pressive  stress  remains  at  all  depths  in  spite  of  the  rather  severe  condi¬ 
tions  imposed. 
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TABLE  12.  -  MAXIMUM  CONCRETE  STRAIN  AN U  STRESS  CHANCES 


TABLE  13.  -  RESIDUAL  CONCRETE  COMPRESSIVE  STRESSES  AFTER  SHRINKAGE  AT  20%  RH 
AND  AFTER  SUBJECTION  TO  EXTENDED  COOLING 
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GENERAL  DISCUSSION 


Design  principles  for  rigid  airport  pavements  are  presented  in 
Reference  2  (pp.  49-74)  and  Reference  11.  Although  design  principles 
are  based  largely  on  analyses  originated  by  Westergaard,  choice  of 
transverse  joint  spacing  over  the  years  has  been  influenced  considerably 
by  field  experience,  with  due  consideration  to  computed  stresses  caused 
by  shrinkage,  subgrade  friction,  and  temperature  changes  (Ref  11).  In 
addition,  as  Yoder  and  Witzak  state  (Ref  11),  "It  is  evident  that  the 
stress-inducing  factors  are  extremely  complex;  in  some  cases  they  cannot 
be  evaluated  except  by  making  radically  simplifying  assumptions."  Deter¬ 
mination  of  the  pavement  thickness  is  based  on  the  load  parameters  alone; 
joints  and  reinforcement  take  care  of  stresses  caused  by  temperature 
changes,  shrinkage,  and  subgrade  friction  (Ref  11).  For  slabs  of  average 
length  (30  to  40  feet)  warping  stresses  are  critical,  whereas  for  slabs 
100  feet  or  longer,  frictional  resistance  forces  are  critical  (Ref  11). 

Table  3-2  of  Reference  2  recommends  maximum  transverse  joint  spacings 
of  20  feet  for  slabs  9  to  12  inches  thick  and  25  feet  for  slabs  thicker 
than  12  inches.  Transverse  joint  spacings  of  the  Dallas-Fort  Worth  air¬ 
port  (conventional  portland  cement  concrete)  were  originally  50  feet, 
with  dowelling  at  each  joint.  When  intermediate  cracking  was  observed, 
joints  were  sawed  at  midlength,  making  the  effective  transverse  joint 
spacing  25  feet.  Pavement  thicknesses  were  15,  16,  and  17  inches.  The 
Dallas-Fort  Worth  design  for  transverse  joint  spacing  of  50  feet  rather 
than  the  recommended  maximum  spacing  of  25  feet  shows  that  Reference  2 
is  intended  as  a  guide,  and  designers  are  given  flexibility  of  judgment. 

When  considering  the  results  of  this  research  in  terms  of  residual 
concrete  compressive  stresses  after  shrinkage,  it  should  be  observed  that 
the  conditions  imposed  for  the  data  in  Table  13  were  assumed  to  be  the 
worst.  For  example,  shrinkage  in  20%  RH  was  taken  to  be  the  value  after 
1  year  at  a  constant  humidity,  which  is  very  severe  since  ambient  humid¬ 
ity  even  in  a  "dry"  climate  varies  considerably.  In  addition,  the 
shrinkage  strains  were  assumed  to  be  completely  resisted;  i.e.,  100% 
restrained  shrinkage.  Likewise,  consideration  given  to  stresses  caused 
by  subgrade  friction  when  shrinkage-compensating  concrete  is  used  should 
take  into  account  the  "extra"  induced  compressive  stresses  in  the  lower 
portion  of  the  slab  because  the  subgrade  resists  the  expansion  during 
the  curing  period.  Magnitude  of  the  stresses  induced  by  subgrade  friction 
is  unknown  at  this  time. 

To  date,  the  most  pertinent  usage  of  shrinkage-compensating  concrete 
in  airport  construction  has  been  at  Love  Field  in  Dallas,  Tex.,  in  1969. 

A  mile-long  taxiway  75  feet  wide  (in  25-foot  lanes)  and  14  inches  thick 
was  constructed  of  concrete  made  with  Type  K  ChemComp  in  which  the  trans¬ 
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verse  joints  were  125  feet  apart  (Ref  12).  Reinforcement  was  6  x  12 
welded  wire  fabric  consisting  of  longitudinal  3/0  wires  on  6-inch  centers 
and  transverse  no.  3  wires  on  12-inch  centers,  providing  steel  percent¬ 
ages  of  0.13  longitudinal  and  0.03  transverse.  Only  three  transverse 
cracks  have  developed  between  the  125-foot  joints  in  the  mile-long  taxi¬ 
way  after  several  years  of  heavy  traffic.  The  Type  K  ChemComp  cement 
used  in  construction  of  this  taxiway  was  made  by  the  same  manufacturer 
who  supplied  the  lower-expansion  cement  for  the  CEL  study;  as  stated 
above,  this  cement  provided  about  62%  as  much  28-day  expa  '.ion  as  the 
other.  Thus,  if  a  higher-expansion  cement  had  been  used  in  the  Love 
Field  taxiway,  the  joint  spacing  (theoretically)  could  have  been 
125/0.62  =  202  feet.  The  longitudinal  steel  percentage  of  0.13  used 
in  the  Love  Field  taxiway  was  about  in  the  middle  of  the  steel  percent¬ 
age  range  used  in  this  study. 

The  advantages  of  utilizing  shrinkage-compensating  concrete  in  an 
airport  taxiway  can  be  shown  by  the  following  example.  With  a  1-mile 
section  with  transverse  joint  spacing  of  200  feet,  there  would  be  27 
joints;  if  spaced  at  25  feet,  there  would  be  212  joints.  A  considerable 
saving  would  be  realized  when  the  slab  is  built  by  not  having  to  provide 
about  185  joints,  not  to  mention  maintenance  of  those  joints  over  the 
life  of  the  taxiway.  In  1979,  the  incremental  (premium)  cost  of  the 
shrinkage-compensating  (ChemComp)  cement  over  Type  I  portland  cement  is 
about  $5  per  ton.  When  the  above  advantages  are  considered  as  well  as 
improved  "ride"  for  the  airplanes,  the  extra  cost  seems  amply  justified. 

CONCLUSIONS 

1.  Based  on  research  data  obtained  in  this  study,  expansive  concrete 
(made  with  commercially  available  shrinkage-compensating  cement)  used  in 
lightly  reinforced  thick  slabs  can  induce  concrete  compressive  stresses  of 
sufficient  magnitude  to  accommodate  subsequent  tensile  stresses  caused  by 
shrinkage  and  heating  or  cooling. 


2.  Combining  these  laboratory  research  results  with  field  experience 
at  Love  Field,  Dallas,  it  is  highly  probable  that  a  transverse  joint  spac¬ 
ing  in  excess  of  125  feet  is  practical  and  feasible.  A  spacing  of  200 
feet  over  a  length  of  1  mile  would  mean  construction  and  maintenance  of 
about  27  joints  instead  of  212  with  25-foot  spacing.  The  premium  cost 
of  $5  per  ton  for  shrinkage-compensating  (ChemComp)  cement  seems  amply 
justified. 


RECOMMENDATIONS 

To  study  concrete  expansions  in  a  larger  mass  and  to  evaluate  per¬ 
formance  of  instrumentation,  it  is  recommended  that  a  slab  20  feet  wide, 
A0  feet  long,  and  16  inches  thick  be  constructed  at  CEL  with  shrinkage- 
compensating  cement  having  a  minimum  mortar  bar  expansion  of  0.05  to 
0.06  (Ref  A).  The  slab  will  be  reinforced  with  6  by  12-inch  welded 
wire  fabric. 


For  a  full-sized  demonstration,  it  is  recommended  that  at  the 
earliest  opportunity  one  lane  of  moderate  length  (M  mile)  of  a  taxiway 
construction  section  be  designated  as  a  research  project.  This  section 
is  to  be  made  with  shrinkage-compensating  cement  having  a  minimum  mortar 
bar  expansion  of  0.05  to  0.06;  all  other  parameters  would  be  the  same  as 
specified  for  the  rest  of  the  project  (thickness,  steel  percentage, 
placement,  etc.).  It  is  also  highly  recommended  that  provision  be  made 
for  strain  gage  and  length  change  instrumentation  of  the  shrinkage- 
compensating  concrete  slab  so  that  full-scale  field  data  can  be  obtained 
both  during  the  expansion  or  curing  period  and  after  the  slab  has  gone 
into  service.  It  is  further  recommended  that  transverse  joint  spacing 
in  this  1-mile  section  be  a  nominal  200  feet.  A  suggested  joint  spacing 
might  be  as  follows:  the  first  10  joints  at  200  feet,  the  next  5  joints 
at  175  feet,  the  next  5  joints  at  225  feet,  and  the  remaining  6  joints 
at  200  feet.  Such  an  installation  would  establish  field  data  on  which 
to  base  subsequent  full-scale  designs  for  shrinkage-compensating  airport 
slabs  with  substantially  fewer  transverse  joints,  lower  joint  maintenance 
costs,  and  much  smoother  running  surfaces  for  aircraft. 
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Appendix  A 


PHASE  3:  SHRINKAGE-COMPENSATING  CEMENT 
IN  FIBROUS  CONCRETES 


Phase  3  involves  an  investigation  of  the  practicability  of  using 
shrinkage-compensating  cement  in  fibrous  concrete  for  overlays  of  air¬ 
port  pavements. 


EXPERIMENTAL  PROGRAM 

To  provide  some  research  data  on  which  to  base  a  decision  to  pro¬ 
ceed  with  a  full-scale  research  study  (Phase  4),  the  following  parameters 
were  used. 

Water-cement  ratio . 0.5 

Cement  plus  fly  ash . 7. 9,  9.3,  and  10.7  bags/cu  yd 

Fiber  content . 1-1/2%  by  volume  of  mix 

River  aggregate . 3/8-inch  maximum  size 

Specimen  size  in  plan . 12  by  12  inches 

Specimen  thickness . 6  inches 

Number  of  specimens . One  for  each  variable  (6  total) 

Shrinkage  environments . 50%  and  75%  RH 

Strength  tests  were  made  with  the  same  mix  using  Type  II  portland 
cement  for  comparison.  Curing  for  28  days  was  done  in  the  same  manner  as 
before  (the  top  covered  with  wet  burlap,  sealed  with  aluminum  foil,  sides 
coated  with  butyl). 


PRELIMINARY  TEST  RESULTS 

Preliminary  test  results  are  shown  in  Figure  A-l  for  two  prisms 
6  inches  thick  made  with  cement  plus  fly  ash  contents  of  7.9  and  10.7 
bags/cu  yd.  At  1  year  of  age  both  prisms  showed  sizeable  amounts  of 
expansion  strain  remaining.  Calculation  of  corresponding  concrete 
stresses  must  await  determination  of  the  equivalent  steel  percentages 
which  the  various  fiber  contents  represent.  Based  on  results  presented 
in  Figure  A-l,  use  of  shrinkage-compensating  fibrous  concrete  for  con¬ 
struction  of  airport  pavement  overlays  shows  definite  promise. 

Figure  A-2  compares  flexural  strengths  of  fibrous  concretes  made 
with  portland  Type  II  and  with  shrinkage-compensating  cements.  Shrinkage- 
compensating  fibrous  concrete  provides  slightly  higher  flexural  strength. 


RECOMMENDATIONS 


To  experimentally  determine  the  optimum  combinations  of  cement 
content  and  fiber  content  for  fibrous  shrinkage-compensating  concretes 
to  be  used  in  airport  overlays,  the  following  are  recommended  for  the 
research  program. 

Fiber  contents . 1%,  1-1/2%,  2%  (aspect  ratio  =  100) 

Cement  content . 6.0,  8.0,  10.0  bags/cu  yd 

Specimen  thickness  .  4,  6,  8  inches 

Shrinkage  environment  .  .  .  .50,  75%  RH 
Total  number  of  specimens  .  .  162 

Research  data  obtained  in  this  research  program  will  provide  a  basis 
for  technical  specifications  for  fibrous  concrete  overlays  of  shrinkage- 
compensating  concretes  with  fewer  transverse  joints. 
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Figure  A-l.  Preliminary  expansion-shrinkage  data  for  two  1-ft  sq  prisms 
6  in.  thick  with  1-1/2%  steel  fibers  and  1  in.  long  of 
shrinkage-compensating  fibrous  concrete. 
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Appendix  B 

STEEL  EXPANSION  STRAINS 


Steel  expansion  strains  are  presented  in  Figure  B- I  foi  the  steel 
percentages  used  in  this  study.  A  least -squares  line  is  shown,  although 
the  data  are  somewhat  erratic.  The  author  believes  that  the  welding  ot 
the  bars  into  fairly  rigid  rectangular  shapes  drastically  affects  the 
strain  (and  stress)  distribution  and  makes  correlation  with  concrete 
strains  extremely  difficult,  if  not  impossible.  Since  concrete  strains 
are  of  primary  importance  in  this  study,  the  steel  strains  were  not 
included  in  the  main  body  of  this  report. 


Figure  B-l.  Steel  expansion  strains  after  28  days  of  curing 


